ABSTRACT.-Minor workers of the four fire ants species found in Texas, Solenopsis aurea Wheeler, S. geminata (Fabricius), S. invicta Buren, and S. xyloni McCook were exposed for one hour to upper critical temperatures. Solenopsis aurea and S. xyloni are typically desert adapted ants whereas S. geminata and S. invicta are found in mesic regions. We predicted that those species from hot desert regions would have higher temperature tolerances than their more mesic congeners. Mortality rates were not siginificantly affected by relative humidity conditions (0% or 100%), indicating that the ants did not die from dehydration. The responses of ants acclimated at I2°C, 2~C, and 32°C were significantly different, although biologically the differences were negligible. The LDSO values were between 40.8°C and 44.0°C and the LD95 values between 4!U °C and 47.3°C.
The red imported fire ant, Solenopsis invicta Buren, is an agricultural and urban pest in the southeastern United States. It was introduced into the United States from Brazil approximately 40 years ago, and its range is presumably still increasing. Temperature and humidity are considered to exert a strong influence on its geographical range and expansion (Hung and Vinson, 1978; Moody et al., 1981; and Pimm and Bartell, 1981) . Although ground-nesting ants can avoid undesirable temperatures during the day, one might expect that ants inhabiting hot desert regions would have higher temperature tolerances than their more mesic congeners. Therefore, we predicted that desert-inhabiting fire ants would exhibit higher temperature tolerances than non-desert species. Solenopsis aurea Wheeler, the desert fire ant, occurs in Texas primarily west of the lOOth meridian; Solenopsis geminata (Fabricius), the tropical fire ant, and Solenopsis invicta occur in Texas east of the lOOth meridian; and Solenopsis xyloni McCook, the southern fire ant, occurs throughout most of the state of Texas (Francke et a!., 1983) . If the native fire ants exhibited responses correlated with their geographical ranges in Texas, then interspecific comparisons of the responses of the native ants and those of S. invicta would possibly allow predictions to be made concerning the expansion of S. invicta to the more arid regions of the southwestern U.S.A. It was with these objectives in mind that the studies reponed herein were undertaken. Two variables known to affect the thermal tolerances of insects were also examined: prior acclimation history, and relative humidity.
MATERIALS AND METHODs.-Four species of fire ants were collected in Texas: Solenopsis aurea Wheeler and S. xyloni McCook from Garza Co., S. geminata (Fabricius) from Kimble and Val Verde Cos., and S. invicta Buren from Bandera Co. Colonies of ants were collected, separated from the soil, and housed following the methods of Banks et aL (1981) . All colonies were maintained with similar regimens of food, water, and light. Ants were fed cockroaches, Nauphoeta cinerea (Saussure), and mea1worms, Tenebrio sp. Free water and a 1:1 solution of honey and water were polymorphic, and because surface/volume relationships could influence the effects of temperature on the ants, only minor workers of the four species were used.
The temperature tolerance apparatus was a modified version of that constructed by Mitchell (1971) . The apparatus (Fig. I) was constructed of Plexiglas® and consisted of six chambers built into a single unit which was suspended in a 48x26xl8 em temperature-controlled water bath. A tube opening through the lid permitted introduction of the ants. Temperature exposures were made at humidities of approximately 0% and 100% R.H. Glass jars containing humidity controlling substances were placed within each of the six chambers. Drierite® (CaSO,) was used to produce a relative humidity of approximately 0%, and distilled water was used to produce humidities near 100% R.H. Each jar was covered with a plastic petri dish (5.5 em) with a screen-covered hole (3x3 em) which allowed air to pass and prevented ants from entering the jar. The test chambers were numbered one through six with the sixth chamber being used for the measurement of temperature and humidity. A YSI Model 401 temperature probe and a 2C-B El-tronics hygroscopic sensor were placed within the monitoring chamber. These were connected to a YSI Model 44TD Telethermometer and a Model 102-El-tronics Hygrometer respectively. Water vapor condensation on the inside of the chamber lids during high humidity tests was prevented by circulating water from the water bath through the hollow lids. The six lids were connected in 'series' to the water bath, with the outlet hole of one lid connected with plastic tubing to the inlet hole of the next lid. This configuration was joined to a Crouzet model 34/78 peristaltic pump (flow rate 1.9 liter/ hour), providing a continuous flow of water through the lids.
Three separate control chambers with dimensions identical to the test chambers were constructed. Each chamber contained a 25 ml jar for humidity controlling substances, which was covered in the same manner as the iars within the experimental chambers. Each control chamber remained at one of the acclimation temperatures (12°, 22°, and 32° ± 2°C), so ants serving as controls could remain at their accustomed temperature.
The duration of all exposures was one hour. Temperature was recorded at 10 minute intervals, and during this period the fluctuation was about I °C. The seven temperature readings were then averaged. The thermostat controlling the water bath was reset at slightly higher or lower temperatures between experimental trials. The number of trials made with each of the four species at each of the two experimental relative humidities varied from 13 to 28. The temperature range covered during those trials was from approximately 39°C to 45°C, and the temperature interval between trials was of about 0.3°C. After the one hour exposure, the ants (N=l 0, per each of the five test chambers) were placed within test tubes (l3x!OO mm) containing a small piece (lxlxl em) of moist sponge and a portion of a mealworm, and returned to their prior acclimation temperature.
Ants from the control chamber were placed within a similar observation tube. Twenty-four hours later the number of live versus dead ants was counted to determine percent mortality on each replicate. Counts were also made at 48 and 72 hours. Control deaths for these three time periods were analyzed by performing Student's t-tests to determine if the number of control deaths at each observation period was significantly different from zero. Because only the 24-hour controls were not significantly different from zero, only the mortality data taken at 24 hours were used. Dosage-mortality curves are generally sigmoid (Woolf, !968) . Because statistical analyses and comparisons are seldom performed on curvilinear responses, arc-sine transformations were performed on the mortality data to obtain straight-line plots. The statistical method used was the General Linear Models procedure in SAS (Helwig and Council, 1979) . Main independent factors were acclimation temperature, humidity during experiment, and experimental temperature. The main independent effects and all their possible interactions were entered as variables for initial analyses. Non-significant variables were eliminated from successive models to aid in the interpretation of the results. LD50 and LD95 values were calculated directly from the regression equations obtained from the arc-sine transformed data. Therefore, in the graphs and regression equations, percent mortality is expressed in radians (50%=0.78 radians, 95%=t49 radians).
RESULTs.-Analysis of variance indicated that whereas species, relative humidity, and temperature were significantly different, acclimation was not (Table 1) . However, in the overall model acclimation interacted significantly with both species and humidity. Because species identity interacted significantly with all other variables, the intraspecific results for each of the four species were analyzed separately at first, and are presented as such below, followed by the interspecific comparisons.
In S. aurea 63% of the variation in mortality is explained by the factors of temperature and prior acclimation history, and by the interaction of these two main effects ( Table 2 ). The lack of statistical significance of the factor of relative humidity, and any of the interaction terms associated with it, strongly suggests that mortality after a one hour exposure to high temperatures was due to thermal effects other than desiccation and that evaporative cooling did not influence mortality. The best models for predicting lethal temperatures among ants acclimated at each of the three different temperatures appear in Fig. 2 ; the LD50 and LD95 values in Table 3 . There is a direct relationship between prior acclimation history and thermal tolerance inS. aurea. Ants kept at 32°C tolerated a one hour exposure to high temperatures better than ants which had been kept at cooler temperatures before the experiments.
Sixty percent of the variation in mortality in S. geminata is explained by the main factors of acclimation and experimental temperature and by their interaction ( Table 2) . As in S. aurea, the lack of significance of relative humidity, and any of the interactions involving this variable, would indicate that the ants died from some thermal effect other than dehydration. In this species an inverse relationship exists between prior acclimation and emperatures doses (Fig. 3) . The LD50 and LD95 temperature values are higher for ants which had been maintained at l2°C than for ants maintained at 22°C and 32°C, and higher for ants maintained at 22°C than for ants kept at 32°C before the experiments (Table 3 ).
In the red imported fire am, S. invicta, the following factors and interactions were significant; humidity, acclimation, temperature, humidity X acclimation, acclimation X temperature, and humidity X acclimation X temperature (Table 2) . A linear regression model incorporating all these variables accounts for 59% of the observed variation in mortality. In this species those ants which were exposed to lethal and sublethal temperatures at 0% relative humidity tolerated higher temperatures than those ants which were exposed to 100% R.H. (Table 3, Fig. 4) . With one exception, ants acclimated at 12°C had lower LD50 and LD95 values than ants acclimated to 22°C, and the ants acclimated at 32°C had the highest LD50 and LD95 values (Table 3 , Fig. 4 ). An improvement sums of squares analysis on the model discussed above (see Table 2 ) with models including (a) humidity, temperature, and their interaction, and (b) acclimation, temperature, and their interaction, revealed that humidity plays a more significant role in explaining (and predicting) mortality in S. invicta than does acclimation. Whereas the coefficient of determination in the best model is 59% (Table 2) , for model (a) above the coefficient of determination is 53%, and for model (b) above it decreases significantly to 35%. In S. xyloni 55% of the variation in mortality is explained by a model in which prior acclimation, experimental temperature, and the interaction of these two main factors are present ( Table 2) . As in the other two native fire ant species, relative humidity during the experiments did not have an effect on the temperature at which the ants died. The LD50 temperatures are similar among the ants acclimated at three different thermal regimes (Table 3 , Fig. 5 ), and LD95 values are higher for ants which had been acclimated at 22°C than those of ants acclimated at l2°C and 32°C (Table 3) .
DrscussroN.-The intraspecific results presented in the previous paragraphs help to explain the complex nature of all the significant interactions encountered in the overall model (Table l) . With respect to the main effects, several aspects are noteworthy. First, relative humidity was not significant within three of the four species, yet was significant in the overall model. In the imported fire ant low relative humidity enhanced the probabilities of surviving a one hour exposure to a given temperature, suggesting perhaps the presence of a short-term evaporative cooling mechanisms in this species only. Second, although prior acclimation regime was a statistically significant main source of variation on each individual species, the trends were often contradictory. In S. aurea there was a direct relationship between acclimation and LD50 and LD95 values; in S. geminata the relationship was inverse, in S. invicta it was mostly direct, and in S. xyloni it was mixed. Statistically, these disparate relationships are responsible for the lack of significance of acclimation in the overall, interspecific analysis (Table 1) . Biologically, the role of acclimation observed in S. aurea and S. invicta is what was intuitively predicted initially, whereas the results from S. geminata and S. xyloni suggest that the role of acclimation in survival of exposures to sublethal temperatures is minimal to non-existent. Indeed, if intraspecific regression analyses were performed in which all statistically significant variables other than experimental temperature are eliminated, the loss in predictive power is biologically insignificant in three of the four species. In S. aurea the coefficient of determination in the best model (Table 2) is 63%, whereas in a model with experimental temperature as the only variable it is 59%. Similar comparisons for S. geminata and S. xyloni are from 60% down to 54%, and from 55% down to 51%, respectively. In S. invicta the loss in predictive power is greater, from 59% (Table 2) down to 32% for a model with experimental temperature as the only variable. As indicated previously, however, most of this loss in predictive power (from 59% to 35%) is attributable to the effect of relative humidity rather than acclimation on lethal temperatures for this species. If separate regression analyses are performed on the mortality data for S. invicta exposed at 0% and 100% R.H., the coefficients of determination are 43% and 54%, respectively. Fig. 4 provides a statistical explanation for the low coefficient of determination at 0% R.H.: acclimation temperatures were a significant interactive effect (crossing lines).
There are three biological implications of this study. First, even the best models account for only about 60% of the observed variation in mortality in fire ants. According to Baldwin (1954) the determination of the temperature tolerance of an insect is complicated by age, humidity conditions, and thermal history. The latter two factors were carefully monitored during the present study and their role is discussed below. However, that still leaves 40% of the variation unexplained. That 40% is attributable to pure error due to uncontrolled variation among individual ants, such as age and feeding conditions (diet, satiation or starvation levels). Bowler (1967) demonstrated that changes in temperature tolerance with adult age in Tenebrio molitor occur primarily within the first five days after eclosion. We avoided using callow workers to minimize this problem. However age is rather difficult to estab- !ish and monitor m social insects, and it could account for some of the unexplained variation in this study. We must stress, however, that the 40% "unexplained" variation is a statistical aspect which was circumvented by the use of sufficient replications, and the statistically significant differences, or lack thereof, found throughout this study remain statistically and biologically meaningful.
Second, although acclimation was a statistically significant factor on each species' analysis, biologically we dismiss it as an important phenomenon in the environmental physiology of fire ants as the trends were inconsistent On two of the four species, S. geminata and S. xyloni, acclimation to temperatures of 32°C actually decreased the LD50 values with respect to individuals acclimated at 22°C. On S. aurea acclimation to 32°C raised the LD50 values only 0.6°C higher than those of ants acclimated at 22°C, and 0.8°C higher than those of l2°C acclimated ants (Table 3) . Acclimation of S. invicta played a minor role in comparison with relative humidity. Kay arid Whitford (1978) found no acclimation effect with respect to critical thermal maxima among workers of three of the four species of honey ants (Myrmecocystus spp.) they investigated. Thus, it appears that acclimation phenomena in general are rare and relatively insignificant among ants.
Third, and most important, is that statistically significant differences in temperature tolerances exist among the four species of fire ants. However, we can simplify the statistical clutter by eliminating variables which affect different species in different ways, and examine exclusively the role of experimental temperatures in causing (and predicting) mortality. When this is done, the LD50 values for all four species differ by less than 1 °C, and the LD95 values by slightly more than JOC (Table 3, last two columns; Fig. 6 ). Those narrow differences do not aid in understanding the reasons behind the differences in the geographic distribution of the native fire ants in the
